Introduction {#Sec1}
============

Facemasks are critical components of personal protective equipment (PPE) for healthcare workers, particularly when those workers are dealing with transmitted diseases, such as the severe acute respiratory syndrome (SARS) outbreak that occurred in March 2003. Seto et al. ([@CR7]) performed a case study in five Hong Kong hospitals, involving 241 non-infected staff and 13 infected staff who were exposed to 11 patients with SARS, and they concluded that SARS was contagious by droplets. They suggested that the wearing of facemasks was of significance in reducing the risk of contagion after exposure to patients with SARS. Wong et al. ([@CR11]) reported a study on effective personal protective clothing (PPC) for healthcare workers attending patients with SARS. In the World Health Organization (WHO) ([@CR10]) and the US Centers for Disease Control (CDC) ([@CR8]) guidelines for PPE, facemasks with 95% filtration efficiency or above are required for healthcare workers exposed to SARS patients.

Hayashi and Tokura ([@CR3]) found that it was important to prevent an excessive increase of microclimate temperature and humidity inside the facemask in order to reduce heat stress on the body when farmers were spraying pesticides in a warm environment. Farquharson and Baguley ([@CR1]) reported that Emergency Department (ED) staff taking care of SARS patients at a hospital in Toronto wore double isolation gowns, a hair cap, an N95 facemask, a face shield and two pairs of gloves. ED staff had 12-h shift work while wearing N95 facemasks. Only one individual could take off his or her facemask at one time in an enclosed room. As soon as the staff had finished meals and drinks they had to wear the facemask again. Such situations made ED staff extremely stressed. Nielsen et al. ([@CR6]) found that the facemask air temperature significantly influenced thermal sensations of the whole body. Meyer et al. ([@CR5]) reported that the acceptable duration of wearing respiratory protective devices was about 1 h in a work environment with an air temperature of 18°C on average, and that the comfort sensation was reduced with increase of the air temperature. Similarly, White et al. ([@CR9]) found that the wearing of chemical protective clothing significantly reduced acceptable working time due to increased heat stress. These findings show clearly that serious heat stress occurs within the body when protective clothing is worn, which could cause workers to tire more easily and reduce their working time.

In a previous paper we reported that the N95 facemask had a filtration efficiency greater than 96% during wear, comparing surgical facemasks of 95% filtration efficiency (Li et al. [@CR4]). Both N95 and surgical facemasks treated with nano-functional materials had significantly higher repellence to water, which can prevent droplets contaminated with viruses and bacteria from penetrating the facemasks by capillary actions during breathing cycles. Further, it has been shown that surgical facemasks treated with nano-functional materials have a significant ability to inactivate bacteria (Yao et al. [@CR12]). It is important for one to know what impact the wearing of different types of facemasks has on heat stress and discomfort, as the filtration efficiency is similar between surgical and N95 facemasks, and whether the nano-functional treatment has an influence on heat stress and discomfort. In this paper, we report an experimental study on the effects of wearing different kinds of facemasks with and without nano-functional treatments on thermophysiological response and subjective perception of discomfort.

Methods {#Sec2}
=======

Subject {#Sec3}
-------

Ten healthy subjects, five men and five women, participated in the study, and their physical characteristics are summarized in Table [1](#Tab1){ref-type="table"}. None was a smoker. Female subjects participated in the experiment only when they were during follicular phases.Table 1Physical characteristic of human subjectsCharacteristicMaleFemaleAverageSDRangeAverageSDRangeAge (years)28.05.422--3729.48.421--41Weight (kg)68.87.856--7455.58.941--62Height (cm)172.56.8164--180168.27.4151--170

Every participant was tested four times at the same time of day on four different days, wearing one of four types of facemasks. Before the first experiment the subjects were required to read an information sheet, on which the nature, purpose, method, and risks of the study were described, and then sign a consent form. They had the right to question any part of the procedure and to withdraw themselves from the experiment at any time without penalty. The human subjects ethics and sub-committee of The Hong Kong Polytechnic University approved the experimental protocol.

Facemasks {#Sec4}
---------

In the experiments we used four types of facemasks, including N95 (3M 8210) and surgical facemasks, which were treated with nano-functional materials to stop virus penetration by capillary action and to inactivate bacteria (Yao et al. [@CR12]). Both facemasks are commercially available to hospitals and clinics in Hong Kong. The physical characteristics of the four types of mask are described in Table [2](#Tab2){ref-type="table"}.Table 2Physical characteristics of the masksMask typeTreatmentSize (cm)MaterialsWeight (g)Thickness (mm)N95Untreated^a^ϕ 12.5×13.2Coverings: polypropylene and polyesterFilter media: polypropylene8.993.87N95Nano-treated^b^9.645.17SurgicalUntreated^a^17.3×15.8Outer and inner layers: polypropyleneMiddle layer: melt-blown3.260.80SurgicalNano-treated^b^3.390.85^a^Normal facemasks^b^Facemasks treated with nano-functional materials

Physiological measurements {#Sec5}
--------------------------

Skin and clothing microclimate (temperature, humidity) inside and outside the facemasks and inside shirts were continuously recorded by a logger (SCXI-1161, National Instruments, USA) every 30 s. Sensors for the measurements of temperature and humidity inside shirts were fixed on the left and right chest regions. One uncovered sensor was attached directly to the skin. Facemask microclimate (temperature, humidity) and cheek skin temperature inside the facemasks were measured at the right cheek. Facemask microclimate (temperature, humidity) outside the facemasks was also measured at the right cheek. At the end of each exercise and rest period, heart rate and blood pressure were measured with an upper-arm blood pressure meter (EW 3100, BMEW Ltd., Beijing).

Perception of discomfort {#Sec6}
------------------------

Subjects were required to rate their perceptions of ten sensations of discomfort: humidity, heat, breathing resistance, itchiness, tightness, saltiness, feeling unfit, odor, fatigue, and overall discomfort, at 30, 50, 60, 70, 80, 90 and 100 min. Table [3](#Tab3){ref-type="table"} shows the rating scales used by the subjects. In addition, at 100 min, the subjects were asked to reply to the question "How do you like the facemask?" by rating on a scale ranging from 0 to 10, with 0 representing "not at all", 5 representing "acceptable" and 10 representing "very fond of". This rating was used to obtain the preference of subjects for the four kinds of facemasks.Table 3Scale of measuring subjective perceptions

Experimental protocol {#Sec7}
---------------------

The experiments were carried out for 3 months from May to July. They were performed twice a day, one from 0900 h to 1100 h and another from 1500 h to 1700 h. The experimental protocol was randomized for men and women, and for the four types of facemasks.

A subject entered the climate chamber controlled at an air temperature of 25°C and a relative humidity of 70%, which is similar to the conditions in the hospitals. After body mass had been measured, the subject wore a 100% cotton T-shirt, short pants and sports sandals. Sensors were attached to different areas with surgical tape. Following a rest for 30 min on a chair (R0), during which time the subject was required to drink 500 ml water, the subject voided the bladder completely and put on a facemask, randomly selected. Then, the subject walked for 20 min at 3.2 km/h (E1) and took a rest for 10 min (R1); walked for 10 min at 4.8 km/h (E2) and took a rest for 10 min again (R2); and finally, the subject walked for 10 min at 6.4 km/h (E3) and took a rest for 10 min (R3). These workloads resembled approximately those performed by healthcare workers in a hospital ward. The schedule of the experiment is shown in Table [4](#Tab4){ref-type="table"}. The participant took off the mask at 100 min, completing the whole experiment.Table 4The experiment schedule

Statistical analysis {#Sec8}
--------------------

As mask microclimate temperature is a key parameter indicating thermal stress, we used this parameter to estimate the sample size. According to previous reports, the difference in microclimate temperature between masks is approximately 0.9°C and standard deviation is around 0.5°C (Hayashi and Tokura [@CR3]). From this assumption, a sample size calculation reveals that ten participants are enough to reach an error of probability of \<5% and a power of 90%.

Physiological parameters (including heart rate, temperature and humidity) and psychological responses (including perception of humidity, heat and breath resistance) were analyzed statistically. The influence of time, facemask type, nano-treatment, and their interactions on these human physiological and psychological responses were investigated by analysis of variance (ANOVA) and *t*-tests to determine whether the above factors had significant effect on the measured parameters.

Results {#Sec9}
=======

Physiological parameters {#Sec10}
------------------------

### Heart rate {#Sec11}

Figure [1](#Fig1){ref-type="fig"} compares temporal changes of mean heart rates when the subjects were wearing the four kinds of facemasks. The pattern of changes in mean heart rate amongst these facemasks is similar, reaching peaks at the end of the third exercise session. The subjects had lower mean heart rates when wearing nano-treated and untreated surgical masks than when wearing nano-treated and untreated N95 facemasks. Significant differences were found among the four kinds of facemasks at the level of *P*\<0.01 (*F*=10.76).Fig. 1Temporal changes in mean heart rate under the influence of the four kinds of facemasks. *Open circles* N95 facemask; *closed circles* nano-treated N95 facemask; *open squares* surgical facemask; *closed squares* nano-treated surgical facemask

Temperature and humidity {#Sec12}
------------------------

### Mask microclimate and face skin temperatures {#Sec13}

Figure [2](#Fig2){ref-type="fig"} shows temporal changes in temperatures on the facemasks' outer surfaces and in the facemasks' microclimates. The outer surface temperatures of both surgical facemasks were significantly higher than those of both N95 facemasks (*F*=94.4, *P*\<0.01) (top of Fig. [3](#Fig3){ref-type="fig"}). On the other hand, microclimate temperatures inside the mask were significantly lower in both surgical masks than those in both N95 facemasks (*F*=25.7, *P*\<0.01) (bottom of Fig. [3](#Fig3){ref-type="fig"}). The skin temperatures inside both surgical facemasks were significantly lower than those in both N95 facemasks (*F*=40.7, *P*\<0.01).Fig. 2Temporal change in mean temperature on the outer surface of the facemasks (*top*) and in the microclimate of the facemasks (*bottom*) under the influence of the four kinds of facemasks. *Open circles* N95 facemask; *closed circles* nano-treated N95 facemask; *open squares* surgical facemask; *closed squares* nano-treated surgical facemask

### Humidity outside and inside the facemask {#Sec14}

Figure [3](#Fig3){ref-type="fig"} (top) shows that both surgical facemasks had significantly higher absolute humidity on the outside surface than both N95 facemasks (*F*=6.9, *P*\<0.01). The overall mean absolute humidity ± SD in nano-treated and untreated surgical facemasks was 24.7±2.76 g/m^3^ and 26.2±2.74  g/m^3^, respectively. The overall mean absolute humidity ± SD in nano-treated and untreated N95 facemasks was 22.7±1.83 g/m^3^ and 23.4±2.74 g/m^3^, respectively. Figure [3](#Fig3){ref-type="fig"} (bottom) shows that the absolute microclimate humidity inside the surgical mask was significantly lower than inside both N95 facemasks. The overall mean absolute humidity ± SD in nano-treated and untreated surgical facemasks was 30.2±4.32 g/m^3^ and 28.64±5.37 g/m^3^, respectively. The overall mean absolute humidity ± SD in nano-treated and untreated N95 facemasks was 31.2±5.47 g/m^3^ and 31.8±4.17 g/m^3^, respectively.Fig. 3Temporal changes in mean absolute humidity outside (*top*) and inside (*bottom*) the four kinds of facemasks. *Open circles* N95 facemask; *closed circles* nano-treated N95 facemask; *open squares* surgical facemask; *closed squares* nano-treated surgical facemask

Table [5](#Tab5){ref-type="table"} summarizes the influences of time, facemask, nano-treatment, and their interactions on physiological parameters (heart rate, blood pressure) and microclimate (temperature, absolute humidity) by ANOVA. For each parameter a multi-way analysis of variances was carried out to identify the statistical significance of the influences of the three variables: time, type of facemasks and nano-treatment, as well as their interactions. To save space, only the *P* values are used to show the statistical significance. A *P*\>0.05 is considered as being not significant and is shown as a dash, and a *P*\<0.0005 is considered as being significant and is shown as "0.000". Nine parameters, including heart rate, systolic blood pressure, absolute humidity (mask outer surface, face microclimate, left chest microclimate and right chest skin) and temperature (mask outer surface, face microclimate and face skin) were significantly influenced by time. Other factors that had significant effect on the measured parameters were mask, interaction of mask and nano-treatment and nano-treatment on its own.Table 5Influences of time, facemask, nano-treatment, and their interactions on physiological parameters. *P*\>0.05 is considered as being not significant and is shown as a dash. *Mask* type of facemask, *Treat* nano-treatmentPhysiological parameters*P* valuesTimeMaskTreatTime × MaskTime × TreatMask × TreatTime × Mask × TreatHeart rate0.0000.001------0.000--Diastolic blood pressure--------------Systolic blood pressure0.000------------Mask outer humidity0.0000.0000.000--------Face microclimate humidity0.0000.0000.035--------Chest microclimate humidity0.000--------0.009--Mask outside temperature0.0300.000----------Face microclimate temperature0.0000.0000.003--------Face skin temperature0.0020.0000.000----0.005--Chest microclimate temperature----------0.039--

Subjective ratings {#Sec15}
------------------

Figure [4](#Fig4){ref-type="fig"} compares subjective ratings for thermal sensation and overall discomfort for the four types of facemasks. In general, the ratings for humidity, heat, breath resistance and overall discomfort increased gradually with time and increase of workload. Facemask type had great influence on the perception of humidity (*F*=6.9, *P*\<0.01), heat (*F*=15.4, *P*\<0.01), breath resistance (*F*=15.0, *P*\<0.01) and overall discomfort (*F*=23.1, *P*\<0.01). Both surgical facemasks had significantly lower ratings than the two N95 facemasks, which suggested that when wearing either of the surgical facemasks the subject felt drier, cooler, more able to breathe easily and less uncomfortable than when wearing either of the N95 facemasks. The ratings for humidity, heat, breathing resistance and discomfort of facemasks treated with nano-functional materials appear lower than those for untreated facemasks but are not statistically significant.Fig. 4Subjective ratings for various sensations under the influence of the four kinds of facemasks: **a** humidity, **b** heat, **c** breath resistance, **d** overall discomfort. *Open circles* N95 facemask; *closed circles* nano-treated N95 facemask; *open squares* surgical facemask; *closed squares* nano-treated surgical facemask

Figure [5](#Fig5){ref-type="fig"} shows the subjective ratings for other sensations obtained while the subjects were wearing the facemasks. There are significant differences in the subjective perceptions feeling unfit (*F*=5.3, *P*\<0.01), tight (*F*= 34.6, *P*\<0.01), itchy (*F*=4.7, *P*\<0.01), fatigued (*F*=2.7, *P*\<0.05), odorous (*F*= 7.9, *P*\<0.01) and salty (*F*=3.9, *P*\<0.01). The ratings for those sensations were significantly lower when the subjects were wearing the surgical facemasks than when they were wearing either of the N95 facemasks, showing that the subjects felt less unfit, less tight, less itchy, less fatigued, less odorous and less salty with the surgical facemasks than with the N95 masks.Fig. 5Others sensations under the influence of the four kinds of facemasks: feeling unfit, tight, itchy, fatigued, odorous and salty. *Open circles* N95 facemask; *closed circles* nano-treated N95 facemask; *open squares* surgical facemask; *closed squares* nano-treated surgical facemask

Table [6](#Tab6){ref-type="table"} summarizes the result of ANOVA, which show the influences of time, facemask, nano-treatment, and their interactions on subjective ratings for individual sensations and overall discomfort. Again, for each sensation, we carried out a multi-way analysis of variances to identify the statistical significance of the influences of the three variables: time, type of facemasks and nano-treatment, as well as their interactions. To save space, only the *P* values are used to show the statistical significance. A *P*\>0.05 is considered as being not significant and is shown as a dash, and a *P*\<0.0005 is considered as being significant and is marked as "0.000". As shown in Table [6](#Tab6){ref-type="table"}, facemask type influences subjects' perception of all the nine individual sensations and overall discomfort significantly (*P*\<0.05). On the other hand, all sensations were not significantly influenced by time and nano-treatment. There were no significant differences between ratings for tight, salty and odorous at different time periods.Table 6Influences of time, facemask, nano-treatment, and their interactions on various subjective sensations. *P*\>0.05 is considered as being not significant and is shown as a dash. *Mask* type of facemask, *Treat* nano-treatmentSubjective sensations*P* valuesTimeMaskTreatTime × MaskTime × TreatMask × TreatTime × Mask × TreatHumidity0.0000.000----------Heat0.0000.000----------Breath resistance0.0000.000----------Itchy0.0170.002----------Tight--0.000----------Salty--0.001----------Feeling unfit0.0470.000----------Odorous--0.000----------Fatiguing0.0000.011----------Overall discomfort0.0000.000----------

Figure [6](#Fig6){ref-type="fig"} shows the preferences of subjects for the four kinds of facemasks. Subjective preference for the nano-treated surgical facemasks is the highest, followed by the untreated surgical masks, the nano-treated N95 and then the untreated N95 facemask. There is a significant difference in preference between the nano-treated and untreated surgical facemasks and between the surgical and N95 facemasks. There is no significant difference in subjective preference between nano-treated and untreated N95 facemasks.Fig. 6Subjective preferences for the four kinds of facemasks

Discussion and conclusion {#Sec16}
=========================

The results from the experiment demonstrate that heart rate, microclimate (temperature, humidity) and subjective ratings were significantly influenced by the wearing of different kinds of facemasks. Nielsen et al. ([@CR6]) observed that delivery of air with different temperatures into a facemask corresponded to the application of a local thermal stimulus to the skin surface around the mouth, nose and cheek. This local thermal stimulus also affected the heat exchange from the respiratory tract. In our investigation, microclimate temperature, humidity and skin temperature inside the facemask increased with the start of step exercise, which led to the different perceptions of humidity, heat and high breathing resistance among the subjects wearing the facemasks. High breathing resistance made it difficult for the subject to breathe and take in sufficient oxygen. Shortage of oxygen stimulates the sympathetic nervous system and increases heart rate (Ganong [@CR2]). It was probable that the subjects felt unfit, fatigued and overall discomfort due to this reason. White et al. ([@CR9]) found that the increases in heart rate, skin temperature and subjective ratings may pose substantial additional stress to the wearer and might reduce work tolerance. This could be the reason why Farquharson reported that working 12-h shifts while wearing an N95 mask had indeed been a challenge to their ED staff (Farquharson and Baguley [@CR1]).

Significant differences were observed between N95 and surgical masks. Mean heart rate, microclimate temperature, humidity and skin temperature inside the facemask, together with perceived humidity, heat, breathing resistance in the facemask, and itchiness, fatigue and overall discomfort, were significantly (*P*\<0.01) higher for N95 masks than for surgical masks. In other words, the subjective perception of breathing difficulty and discomfort increased significantly with increasing thermal stress. This finding agrees with the observations reported by White et al. ([@CR9]). The surface temperature outside the facemask was lower, and the temperature in the facemask microclimate was significantly higher, for the N95 masks than for the surgical masks (Fig. [3](#Fig3){ref-type="fig"}), indicating that the heat loss from the respiratory tract is more difficult to endure in N95 masks, inducing higher heat stress and perception of discomfort. This agrees well with the observations reported by Hayashi and Tokura ([@CR3]).

As the purpose of wearing the facemasks is to protect the wearers by filtering out viruses and bacteria, it is obviously questionable whether the surgical masks, which induce less heat stress and discomfort, can provide enough protection for healthcare workers. As reported previously, the in vivo filtration efficiency and physical properties of the masks were investigated at the same time (Li et al., unpublished data). During the simulation wear trials, in vivo filtration efficiency of N95 facemasks was 96%, in comparison with 95% for surgical facemasks. Furthermore, the surgical facemasks with significantly higher moisture permeability and air-permeability were thinner than the N95 facemasks, indicating that surgical facemasks should be more breathable and less humid and hot, which agrees with the in vivo measurements of temperature and humidity inside and outside the masks and the subjects' perception of breathing resistance and discomfort.

It is interesting to note that no significant difference was found between nano-treated and untreated facemasks for physiological measurements and subjective perceptions, even though nano-treated surgical and N95 facemasks were perceived to be slightly less uncomfortable. On the other hand, subjective preferences for the nano-treated surgical masks were significantly higher than those for the untreated surgical facemasks. This indicates that the nano-functional treatment of surgical and N95 facemasks does not have significant negative effects on the thermophysiological responses and subjective perceptions of discomfort.

Therefore, it can be concluded that N95 and surgical facemasks can induce significantly different temperatures and humidity in the microclimates of facemasks, which have profound influences on heart rate and thermal stress and subjective perception of discomfort.
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